Following the 2002 M 7.9 Denali fault earthquake, clear changes in geyser activity and a series of local earthquake swarms were observed in the Yellowstone National Park area, despite the large distance of 3100 km from the epicenter. Several geysers altered their eruption frequency within hours after the arrival of large-amplitude surface waves from the Denali fault earthquake. In addition, earthquake swarms occurred close to major geyser basins. These swarms were unusual compared to past seismicity in that they occurred simultaneously at different geyser basins. We interpret these observations as being induced by dynamic stresses associated with the arrival of large-amplitude surface waves. We suggest that in a hydrothermal system dynamic stresses can locally alter permeability by unclogging existing fractures, thereby changing geyser activity. Furthermore, we suggest that earthquakes were triggered by the redistribution of hydrothermal fluids and locally increased pore pressures. Although changes in geyser activity and earthquake triggering have been documented elsewhere, here we present evidence for changes in a hydrothermal system induced by a large-magnitude event at a great distance, and evidence for the important role hydrothermal systems play in remotely triggering seismicity.
INTRODUCTION
Hydrothermal systems, including geysers and hot springs, are regions in Earth's crust where hot fluids circulate at shallow depths. Numerical simulations indicate that geyser eruption intervals are highly sensitive to the intrinsic permeabilities of the geyser's conduit and the surrounding rock matrix Rojstaczer, 1993, 1996) . It has been suggested that geyser eruption intervals respond to small changes in strain induced by atmospheric loading, Earth tides (Rinehart, 1972) , and earthquakes (Silver and Valette-Silver, 1992) . Hot springs and geysers in the Yellowstone National Park have displayed significant changes in their eruption patterns following large earthquakes at regional distances (Ͻ200 km) and following intense local earthquake swarms (Hutchinson, 1985; Marler, 1964; Pitt and Hutchinson, 1982; Watson, 1961) . A recent study (Rojstaczer et al., 2003) , however, suggested that geysers might be less sensitive to elastic deformation than previously assumed. In addition, variations in geyser eruption intervals may also be controlled by internal dynamic processes of the geysers (Rojstaczer et al., 2003) .
Fluids play a critical role in earthquake nu-*Now at Swiss Seismological Service, ETH Hoenggerberg, CH 8093 Zurich, Switzerland.
cleation, since elevated fluid pressure will alter the strength and the local stress regime on a fault (Hickman et al., 1995) . Evidence for elevated fluid pressures was, for example, detected at the nucleation zone of the M 7.2 1995 Kobe earthquake, Japan (Zhao et al., 1996) . Migration and redistribution of fluids might also trigger earthquake swarms (Waite and Smith, 2002) and drive aftershocks (Nur and Booker, 1972) . Furthermore, remotely triggered earthquakes occur preferentially in geothermal and volcanic areas, suggesting that fluids are important in explaining this phenomenon (Hill et al., 1993) .
On 3 November 2002, a M 7.9 earthquake ruptured the Denali fault in central Alaska (Fig. 1) . The Denali fault earthquake (hereafter Denali earthquake) was one of the largest strike-slip earthquakes in North America in the past 150 yr (Eberhart-Phillips et al., 2003) . Within hours after the Denali earthquake, we observed significant changes in the eruption intervals of several geysers throughout Yellowstone, despite the large distance, 3100 km, from its epicenter. In addition, intense swarms of local earthquakes occurred close to hydrothermal systems that experienced the changes in geyser activity. In this paper we report on these observations and discuss mechanisms that might explain the observations.
STUDY AREA
The Yellowstone volcanic field, Wyoming, centered in Yellowstone National Park (hereafter called ''Yellowstone''), is one of the largest silicic volcanic systems in the world (Christiansen, 2001; Smith and Siegel, 2000) . Three major caldera-forming eruptions occurred within the past 2 m.y., the most recent 0.6 m.y. ago. The current Yellowstone caldera spans 75 km by 45 km (Fig. 1) . Yellowstone includes Ͼ10,000 geysers, hot springs, and fumaroles, which are considered the result of hot water circulating along fracture systems in the upper crust and heated by crystallizing magma at a depth of 10-15 km (Fournier, 1989) . Most of Yellowstone's hydrothermal features are located inside the Yellowstone caldera close to two resurgent domes and along a fault zone extending north from Norris Geyser Basin (Fig. 1) .
HYDROTHERMAL OBSERVATIONS
Coincident with the arrival of Denali earthquake surface waves, hydrothermal changes were observed at 100 Spring Plain, a hotspring system at Norris Geyser Basin (S. Sturtevant, 2003, written commun.) . Several small hot springs, not known to have geysered before, suddenly surged into a heavy boil with eruptions as high as ϳ1 m. The temperature at one of these springs increased rapidly from ϳ42 to 93 ЊC and the pH value increased from 2.44 to 5.30 before returning to 3.72 ϳ18 min later. In the same area, another hot spring that was usually clear showed muddy, turbid water.
We monitored eruption intervals of 22 geysers during the winter of 2002-2003 by placing temperature sensors in the runoff channels. 1 Of these 22 instrumented geysers, 8 displayed notable changes in their eruption intervals, i.e., the changes were larger than the standard error of the intervals prior to the Denali earthquake. Four geysers were too erratic to show any effects, and 10 geysers showed no significant changes. There was no common pattern in geyser response to the Denali earthquake. The most obvious example, Daisy Geyser ( Fig. 2) in Upper Geyser Basin, showed a rapid decrease in the eruption interval following the Denali earthquake, recovering close to pre-Denali eruption intervals over subsequent weeks. Other geysers such as Castle, Plate, and Plume Geysers in Upper Geyser Basin, and Pink Geyser in Lower Geyser Basin, displayed short-term irregularities in their eruption behavior lasting for a few days. Lone Pine Geyser in West Thumb Geyser Basin, on the other hand, showed a gradual increase in eruption intervals that peaked three weeks after the Denali earthquake. It is noteworthy that geysers affected by previous nearby earthquakes (Hutchinson, 1985; Marler, 1964) -including the 1959 M 7.5 Hebgen Lake, Montana, and the M 7.3 1983 Borah Peak, Idaho-were not affected by the Denali earthquake, for example, Old Faithful and Grand Geysers in Upper Geyser Basin.
SEISMOLOGICAL OBSERVATIONS
The increase in local earthquake activity in Yellowstone following the Denali earthquake started with the onset of the large-amplitude surface waves. Within the first 6 h following the passage of the surface waves, most of the earthquakes clustered close to major hydrothermal systems (Fig. 1) . The triggered earthquakes showed swarm-like behavior, clustering in time and space (Figs. 1 and 3) . Many of the triggered events had magnitudes of Mc Ͼ 2.0 (Mc denotes a duration magnitude scaled to the local Richter magnitude scale), and some were felt by National Park Service employees. Seismicity in the geyser basins had returned to pre-Denali earthquake background levels 24 h following the passage of the surface waves (Fig. 3) . Most of the triggered earthquakes close to the hydrothermal areas were relatively shallow; their focal depths were Ͻ5 km (Fig. 1) .
Although earthquake swarms are common in Yellowstone, the seismicity following the Denali earthquake is unusual for two reasons. First, 80% of the triggered earthquakes had Mc Ͼ 2.0 compared to Ͻ3% of the annual seismicity. Second, earthquakes occurred simultaneously throughout the Yellowstone caldera (Fig. 1) . Prior to the Denali earthquake, earthquake swarms of similar intensity-i.e., number of earthquakes with Mc Ͼ 1.0-had occurred close to particular hydrothermal systems; however, they never occurred simultaneously throughout Yellowstone.
DISCUSSION
The Denali earthquake was associated with two distinct phenomena in Yellowstone: (1) changes in hydrothermal activity and (2) triggering of local earthquakes. The latter is not an unusual phenomenon; remote triggering of local earthquakes was observed following the 1992 M 7.4 Landers (Hill et al., 1993) and the 1999 M 7.1 Hector mine (Gomberg et al., 2001) earthquakes. Also, the 1988 M 7.6 Gulf of Alaska earthquake triggered swarms of local earthquakes in the Geysers, California, geothermal field at a distance similar to that from the Denali earthquake to Yellowstone (Stark and Davis, 1996) .
Previous studies of remote earthquake triggering in volcanic areas favor models where magmatic or hydrothermal fluids interact with dynamic stress transients produced by largeamplitude surface waves (Hill et al., , 1993 Johnston et al., 1995; Linde et al., 1994; Sturtevant et al., 1996) . At distances of several fault lengths, static stress changes can be ruled out as an earthquake-triggering mechanism, because they decrease rapidly with distance, falling below stress changes typical of Earth's tidal forces at large distances (Hill et al., 1993) . Static stress changes in Yellowstone due to the 2002 Denali earthquake were Ͻ10 Pa (G. Anderson, 2003, personal commun.) , which is well below static stress changes of ϳ0.1 MPa that have been proposed to trigger earthquakes (King et al., 1994) . Peak dynamic stress associated with the passage of largeamplitude surface waves of the 2002 Denali earthquake was 0.16-0.22 MPa, measured at broadband seismometers in Yellowstone (Farrell et al., 2002) .
One type of model proposed to transfer dynamic stress transients into sustained stress changes involves the interaction of largeamplitude surface waves with a partially crystallized magma body, such as advective overpressurization (Linde et al., 1994) or relaxation of a crustal magma body . Although a body of partially crystallized magma might exist beneath Yellowstone (Husen et al., 2004; Miller and Smith, 1999) , these models have time constants of several days. They cannot explain the rapid decay of seismicity within 24 h observed at Yellowstone.
In Yellowstone, seismicity was mainly triggered close to major geyser basins, indicating that hydrothermal fluids play a critical role. There are a number of triggering mechanisms involving the interaction of hydrothermal fluids with large-amplitude surface waves. These mechanisms include rupturing of isolated compartments in which superhydrostatic fluid pressure prevailed Johnston et al., 1995) , the release of gas bubbles within hydrothermal fluids producing advective gas overpressure (Linde et al., 1994) , and oscillation of gas bubbles within a saturated hydrothermal fluid, thereby increasing local pore pressure through rectified diffusion (Sturtevant et al., 1996) . We note that theoretical problems have been suggested for the mechanisms of advective gas overpressure (Bagdassarov, 1994 ) and rectified diffusion (Ichihara et al., 2003) , which might reduce the efficiency of these mechanisms. Hydrothermal systems in Yellowstone satisfy all the conditions required by triggering mechanisms, i.e., the existence of a highly fractured medium filled with a highly pressurized two-phase fluid consisting of steam and liquid. Hence, all mechanisms are possible and capable of triggering local earthquakes in Yellowstone.
Numerical modeling of geyser periodicity Rojstaczer, 1993, 1996) indicates that permeability is a key control on eruption intervals. An increase in the permeability of the geyser's conduit or the surrounding rock matrix can decrease eruption intervals. Coseismic changes in local permeability have been inferred in response to the M 7.1 Loma Prieta earthquake (Rojstaczer and Wolf, 1992) , but they were restricted to distances of a few fault lengths. For distances larger than a few fault lengths, it has been suggested that dynamic stress transients associated with large-amplitude surface waves can alter local permeability through loosening and entraining of particles that were deposited by weathering . In hydrothermal areas, fractures are clogged by rapid precipitation of silica (Lowell and Germanovich, 1993) . Loosening of these deposits can reopen existing fractures and alter permeability, thus changing geyser eruption intervals. Ongoing precipitation after the Denali earthquake can reseal these fractures, thus decreasing permeability and increasing geyser eruption intervals through time, as observed at Daisy Geyser (Fig. 2) . Static stress changes, which in Yellowstone were well below stresses associated with Earth tidal forces, can be ruled out as a cause of the observed changes in geyser activity because geysers in Upper Geyser Basin did not respond to Earth tides (Rojstaczer et al., 2003) .
Seismicity remotely triggered by the Denali earthquake might also have produced stress transients that could, if close enough, have altered geyser permeability. But within our error limits, these earthquakes were not triggered close to the geysers, but appear to be associated with the deeper parts of the hydrothermal reservoirs (Fournier, 1989) . It is unlikely that those earthquakes changed permeability a few kilometers away, because their magnitudes were relatively small. However, local seismicity could have changed fluid flow within the hydrothermal reservoirs, and consequently affected the recharge rates of individual geysers. Although geyser eruption intervals are largely independent of recharge rates (Ingebritsen and Rojstaczer, 1996) , mass discharge per eruption cycle is quite sensitive to mass recharge into the geyser. Unfortunately, we are not able to estimate mass discharges, because only information on water temperatures in the runoff channels is available. The lack of massdischarge data prevents us from resolving any possible influence of local seismicity on geyser eruption behavior.
In Yellowstone, geysers in Upper Geyser Basin have been shown to be insensitive to small strains produced by Earth tides and atmospheric loading of ϳ20-100 nanostrain (Rojstaczer et al., 2003) . Peak dynamic strains associated with the surface waves of the Denali earthquake were ϳ470 nanostrain, based on a measured peak ground velocity of 1.6 cm/s at a broadband seismic station close to Upper Geyser Basin. Thus, strain dynamically induced by the Denali earthquake is several times larger than strain induced by diurnal or semidiurnal processes, suggesting that largeamplitude surface waves can induce strain transients that are large enough to change geyser eruption behavior.
CONCLUSIONS
The M 7.9 Denali earthquake provided the first observations on changes in geyser activity and seismicity in Yellowstone following a large earthquake at a distance of several fault lengths. Prior to the Denali earthquake, only the 1992 Landers earthquake was known to remotely trigger earthquakes in Yellowstone (Hill et al., 1993) , but observations on hydrothermal changes were not available. The observed changes in geyser activity and seismicity were induced by large-amplitude surface waves associated with the Denali fault earthquake. Induced dynamic stresses or strains were well above those associated with Earth tides. Our observations suggest that fluids play an important role to transfer dynamic stress transients into sustained stress changes capable of triggering earthquakes, as suggested previously (Hill et al., 1993; Sturtevant et al., 1996; Brodsky et al., 2003) . Furthermore, our observations demonstrate that geyser activity can be altered by large-magnitude earthquakes at distances of several fault lengths.
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